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We propose an empirical approach to estimate the quality of superconducting joints (welds) between 
blocks of bulk high temperature superconductors (HTS) . As a measuring value, we introduce a joint 's 
quality factor and show its natural correlation with joint's critical current density. Being simple and 
non-destructive, this approach is considered to be quite important to solve the problem of utilization 
of HTS in large scale applications. The approach has been applied to characterize the joint's quality 
of melt-processed Y-123 joined by Tm-123 solder. 



Bulk melt-processed high temperature superconduc- 
tors (MP HTS) have been appeared to be quite suitable 
for such large scale HTS applications as superconducting 
motors, contactless bearing, flywheels for energy stor- 
age, levitation transport.Ba Remarkable values of criti- 
cal current densities have been achieved for these quasi- 
single crystals and the main problem now, which is an 
obstacle in the way of their practical utilization, is su- 
perconducting joiukig of them into appropriate for this 
utilization blocks JIM While the problem being under ac- 
tive investigationHiH has not been completely resolved 
yet, it is vitally important to find a simple method for 
quantitative characterization of superconducting joints. 

The most physical way to describe a superconduct- 
ing joint quantitatively is to determine density of crit- 
ical current that flows through it. While the trans- 
port measurements are quite difficult to exploit here, 
the contajCtJess techniques appear to be the most 
attractive .Ou It-has been shown that the levitation force 
measurements,u magneto-apjtical imaging techniques,u or 
Hall-probe magnetometryB^El can be successfully used to 
characterize supercoiiilucting joint's quality. At last, in 
a very recent paper,Q an approach to estimate critical 
current density through superconducting joint for ring 
samples was proposed. 

In this Letter we propose a simple non-destructive con- 
tactless method to evaluate the quality of superconduct- 
ing joint and estimate critical current density through it. 
The method is based on the technique of critical current 
density determination from local levitation force mea- 
surements which, as has been shown in Ref. ^, allows to 
determine critical current density in a thin undersurface 
layer. 

We test the method on Y-123 MP HTS samples with 
superconducting joints made by solidification technique 
("soldered joints") with Tm-123 as a solder. The details 



of the technique are described in Ref. ^. Two types of ex- 
perimental procedure were used: 'three times procedure' 
and 'four points procedure'. Within 'three times proce- 
dure' we measure the levitation force that acts on a small 
permanent magnet (PM) three times at one point: above 
the uniform sample before cutting. Fun, above the 'crack' 
(mechanical joint) after cutting, Fcr, and above the su- 
perconducting joint after soldering procedure, Fjn- 'Four 
points procedure' (see Fig.|^, being less precise due to 
samples' inhomogeneity, was used for the samples which 
were not measured before cutting and joining, and F^n 
was estimated as (Fi +F2)/2. We used two PMs: spher- 
ical one, of 1.5 mm in diameter with magnetic moment /i 
= 1.9 G cm^, and cylindrical one, of 6.3 mm in diameter 
and 2.3 mm in width with ^ — 38 G cm^. The read- 
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FIG. 1. A schematic illustration of 'four points procedure'. 
The levitation force, acting from screening current in a small 
spherical permanent magnet with vertical direction of mag- 
netic moment, is measured in four points: above the 'uniform' 
parts of sample, Fi and F2 {Fun = (Ji + F2)/2), above the 
superconducting joint, Fjn, and above the 'crack' (mechanical 
joint of two samples), Fcr- 
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FIG. 2. A schematic illustration on currents circulating in 
HTS bulk which produce the levitation force. 

out distances between centers of the magnets and HTS 
surface were 1.25 mm and 6 mm respectively. The basic 
experimental setup and the technique for critical current 
density determination have been described in details in 
Ref. |. 

Based on such local levitation force measurements, one 
can introduce a joint's quality factor 



(1) 



This formula was constructed to satisfy the natural 
asymptotic conditions: q when Fjn — * Fcr (non- 
superconducting joint), and g — > 1 when Fjn — > Fun (an 
ideal superconducting joint). In the following we will find 
the physical meaning of thus introduced quality factor 
through its relation with joint's critical current density 

Jjn- 

Let us consider the next naive picture of circular cur- 
rents which are sketched at Fig.^. In a uniform sample 
a circular ciirrent lo flows mainly over the top surface of 
the samplaj and one can write F^n = chIq ■ If we crack the 
sample, the current (having the same value, until the size 
of the crack is much less than sample dimensions) can- 
not flow though the crack and has to close over the crack 
walls but one can consider this as an additional opposite 
(/i = — Iq) circular current flowing through the crack 
and over the crack walls: Fcr = ctio + (3Ii = {a — 0)Iq. 
Next, it is quite natural to assume that for a sample with 
a superconducting joint one can estimate the real current 
through the joint as 



Ijn — Iq — h — ~~f~^^ 



(2) 



where Jc is the bulk critical current density. Then 
h - (1 - ( J,n/ Jc))/o andF,„ = (a-/3(l-(J,„/J,)))/o. 
Substituting this into (1) we obtain 



Thus, the superconducting joint's quality factor intro- 
duced by ([|) represents the ratio of density of the critical 
current that flows through the joint to the bulk critical 
current density of the sample. The Eq.|^ by itself shows a 
simple way to estimate this quality factor but in combi- 
nation with the method |Of determination from levita- 
tion force measurementda gives a simple non-destructive 
method for determination of density of the critical cur- 
rent through the superconducting joint. 

Though the given derivation of Eqjs] from Eq.|l| is quite 
simple, it has some restrictions which should be consid- 
ered. The first of them is a validity of consideration of 
levitation forces to be proportional to corresponding cur- 
rents - we have assumed above that the introduced coef- 
ficients a and /? do not depend on /q and Ii , correspond- 
ingly. The first assumption, a(/o) = const, works when 
the depth 5 of penetrated magnetic field at sample sur- 
face {5 — cBr/^irJc in CGS units, here c is the velocity 
of light and Br is the tangential magnetic field at HTS 
surface which is. twice bigger than PM's field in "zero 
approximation"|j) is much less than system dimensions L 
(the distance from center of the magnet to sample surface 
in our geometry), which is the case in the experiment be- 
ing considered and can always be achieved by choosing 
appropriate values of L or /i. Moreover, it was shown in 
Rcf. I that the condition j <^C L is too strong and the 
assumption works well even if (5 L. To fulfill the as- 
sumption that (3{Ii) ~ const is not so easy. In this case, 
the penetration depth Sjn of intrajoint field must be less 
then joint's width that impose strong restrictions on mag- 
netic field value. For the samples which we investigated 
the joints were d ~ 100 /zm in width that has motivated 
the readout distances we used to ensure Sjn < d. So, here 
we measure the superconducting joint's quality for mag- 
netic field 10^-10'^ G but the method can be extended to 
higher fields by replacing levitation— fpcce measurements 
to resonance oscillations technique.EJO 

Another point, which should be mentioned, relates to 
sample inhomogeneity. Although every method of critical 
current density determination encounters the same prob- 

TABLE I. Critical current densities and quality factors of 
soldered joints of MP YBCO samples. 



Jc ■ 



(3) 



Sample 


Tt r, K 


top 




J jr., 




qii 


qM 


no. 




plane 


A/cm^ 


A/cm^ 








1 


1257 


II ab 


I.S-IO"* 


1.2-10'' 


0.79 


0.65 


0.40 






± ab 


7.6- lO-'* 


3.9- lO'* 


0.52 




0.29 


2 


1257 


II ab 


1.3-10'' 


3.2-10-'' 


0.25 


0.32 


0.56 






J_ ab 


7.2-10^ 


5.7-10^ 


0.79 




0.67 


3 


1253 


II ab 


1.310'' 


1.6-10^ 


0.13 


0.28 


0.47 






_L ab 


9.1-10-'' 


7.7-10-'' 


0.84 




0.46 


4 


1253 


II ab 


i.e-io"* 


8.5-10^ 


0.53 


0.49 


0.33 






± ab 


9.3-10^ 


6.7-10^ 


0.72 




0.30 


5 


1263 


II ab 


LS-IO* 


7.2-10^ 


0.47 


0.55 


0.77 






± ab 


8.2-10^ 


3.9-10^ 


0.47 




0.53 


6 


1263 


II ab 


2.2-10'' 


9.4-10^ 


0.43 


0.46 


0.45 






± ab 


7.1-10^ 


6.1-10^ 


0.85 




0.57 
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lem a reasonable approximation here is to assume the 
vaUdity of Eq.^ as integral relation over a region where 
the main amount of the induced current flows 2L in 
our case). This sets a restriction on spatial resolution of 
the method but also gives a possibility to vary the inte- 
grated area using different magnets. For two magnets we 
used the integrated areas were about 2 mm and 10 mm 
in diameter respectively and 0.1 mm in depth. 

The results of our measurements are summarized in 
the Table 1. The samples were treated at temperature 
Ttr for 0.17 h in air (1,2) or for 0.5 h in oxygen (3-6). As a 
solder, the powder of Tm-123 was used for even samples 
and Tm-123 with addition of 10 wt% of Y-211 ('green 
phase') for odd samples. The values qi, qn and qm were 
determined with first and secoiad magnets and from mag- 
netic flux mapping techniquetl respectively. The joint's 
quality value from mapping technique was estimated as 
QM = 2Bju/ {B1+B2), where Bju, Bi, and B2 are the lo- 
cal maximum trapped magnetic flelds in junction and in 
two pieces of cut samples. The values of Jc (determined 
from Fun, see Ref. ^) and Jj„ are also represented in the 
Table. 

Although the mapping technique gives rather rough 
values it is possible to make some conclusions. First, the 
qii values are closer to qM than qi because they are in- 
tegrated over lager volume. Second, we have compared 
the average values of quality factors for different series of 
measurements (here q = qi): over all samples, (q) = 0.57, 
{qAi) — 0.48; over all in-plane surfaces (parallel to ab- 
plane), {q)\\ = 0.43, {qM)\\ = 0.50; and over all out- 
plane surfaces (perpendicular to afe-plane), {q)± = 0.70, 
{qM)± = 0.47. Assuming that the quality factors deter- 
mined from levitation force measurements give the in- 
formation from a thin undcrsurface layer (undersurface 
quality) and the factors determined from mapping repre- 
sent an integrated values over whole volume (bulk qual- 
ity), it is possible to say, that the undersurface joint's 
quality is slightly better than the bulk joint's quality and 
that the undersurface quality is much better for out-plane 
surfaces in comparison to in-plane ones. In other words 
this means that in the tested samples: (i) the average 
quality of joints is slightly better at the edges than in 
the middle; (ii) the critical current density of the mate- 
rial which fills the joints is less anisotropic than the bulk 
critical current density of the samples itself. 

In summary, we have proposed a simple empirical ap- 
proach to estimate the quality of superconducting joints 
between blocks of bulk high temperature superconduc- 
tors. As a measuring value, we introduced a joint's qual- 
ity factor and found its natural correlation with joint's 
critical current density. Simultaneous use of the pro- 
posed method and flux mapping technique has allowed 
us to estimate space inhomogeneity of superconducting 
joints and even obtain information about anisotropy of 
the joint's critical current density. 
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